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Abstract
BACKGROUND: The fruits of most commercial tomato cultivars (Solanum lycopersicum L.) are deficient in flavour. In contrast,
traditional ‘criollo’ tomato varieties are appreciated for fruit of excellent organoleptic quality. Small farmers from the Andean
valleys in Argentina have maintained their own tomato varieties, which were selected mainly for flavour. This work aims to
correlate the chemical composition of the fruit with the sensory attributes of eight heirloom tomato varieties. The long-term
goal is to identify potential candidate genes capable of altering the chemicals involved in flavour.
RESULTS: A sensory analysis was conducted and the metabolomics of fruit were determined. The data revealed that defined
tomato aroma and sourness correlated with citrate and several volatile organic compounds (VOC), such as 𝜶-terpineol,
p-menth-1-en-9-al, linalool and 3,6-dimethyl-2,3,3a,4,5,7a-hexahydrobenzofuran (DMHEX), a novel volatile recently identified
in tomato. Two sensory attributes – sweetness and a not-acidic taste – correlated with the characteristic tomato taste, and also
with fructose, glucose, and two VOCs, benzaldehyde, and 2-methyl-2-octen-4-one.
CONCLUSIONS: These data provide new evidence of the complex chemical combination that induced the flavour and aroma of
the good-tasting ‘criollo’ tomato fruit. That is, the compounds that correlated with defined tomato aroma and acidic taste did
not correlate with sweetness, or with characteristic tomato taste.
© 2018 Society of Chemical Industry
Supporting information may be found in the online version of this article.
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INTRODUCTION
The tomato (Solanum lycopersicum L.) is one of the most impor-
tant crops worldwide (http://www.fao.org/faostat/en/#data/QC),
and, because of its high consumption, contributes significantly
to the human diet. Modern commercial tomato cultivars have
been mainly selected for high yield, disease, and pest resistance,
fruit firmness, transportation tolerance, and long shelf life, but are
deficient in fruit taste and flavour and are not well accepted by
consumers.1 A genomic analysis of 360 accessions revealed that
the genetic basis of the modern tomato has narrowed due to con-
ventional breeding,2 and provides molecular insights toward fur-
ther improvement.
The original place of tomato domestication has been a topic of
interesting debate, and recently a two-step process in America
has been supported.3 A first selection occurred in the Andean
regions of Peru and Ecuador, and then there was a second phase
in Mesoamerica where native people cultivated tomatoes for con-
sumption. Most probably, from there, tomatoes were introduced
to Europe in the mid-16th century.3 Early tomato cultivation and
consumption in Europe were first reported in Italy4 and extended
to other countries worldwide. Modern tomato breeding generates
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productive commercial varieties but with flavour deficiencies that
have been chemically identified.5 In contrast, heirloom varieties
are usually appreciated for the good organoleptic quality of their
fruits, and recently the compounds that made the most significant
contributions to flavour and consumer preferences have been
recognized.5 Andean farmers contribute to maintain the diversity
of tomato varieties that adapted to specific conditions in villages
situated in limited geographical areas.6 New interest has focused
on traditional tomato varieties as genetic sources of quality traits.
Particular morphological and agronomical characteristics7 as well
as biochemical composition,8 and phenotypic diversity9 have
been reported in tomato landraces. Likewise, a diverse chemical
composition involved in fruit taste and functional quality was
found in a collection of local varieties from Valencia, a Mediter-
ranean region of Spain.10 More recently, another report11 showed
that Italian tomato landraces with different fruit types had signifi-
cant changes in quality related to metabolites, depending on their
genetic background.
In the Andean valleys of Argentina, agriculture is mainly carried
out by small families, among whom traditional varieties of veg-
etable landraces are highly appreciated for their flavour, colour,
and aromas.12,13 Farmers typically keep their own seeds, which are
adapted to marginal environments, where commercial cultivars do
not usually perform well.14,15 Recently, an interesting collection of
traditional tomatoes has been recovered in Argentina,13 mainly
from the Andean areas, and maintained in the Germplasm Bank
of the National Institute of Agricultural Technology. These tomato
accessions displayed significant differences regarding fruit mor-
phological characteristics, agronomic performance, and metabolic
composition.16 Furthermore, the evaluation of hydrophilic antiox-
idant composition in the same tomato germplasm found an asso-
ciation with fruit traits, geographical origin, and altitude, and
showed that landraces had the highest levels of most antioxidants
in comparison with commercial varieties and wild species.17
Efforts have been made to link the chemical composition of
tomato fruit with their organoleptic properties. Primary metabo-
lite contents and volatiles were assessed in fruit from a subset
of tomato lines containing marker-defined introgressions in five
regions controlling fruit quality variation from cherry tomatoes to
tomatoes with large-fruited genetic backgrounds.18 The extensive
profiling, combined with the results from tests with a trained tast-
ing panel, allowed the identification of some metabolic quantita-
tive trait loci (QTL), which co-localized with sensory QTL. In other
studies, sensory attributes contributing to organoleptic percep-
tion, such as sweetness, saltiness, and sourness for taste showed
weak connectivity among themselves.19 The authors reported that
positive and negative contributors to tomato flavour could have
direct implications for crop-improvement strategies. A significant
correlation between the chemical quality attributes of tomato fruit
and sensory determinants, such as skin firmness and sweet taste,
was revealed.20 Sugar content in fruit was positively correlated
with the overall tomato assessment. Firmness and sweet taste were
significantly correlated with organic acids and soluble solid con-
tents. Interactions between organoleptic perception such as taste
(sweetness) and retronasal olfaction are also of considerable inter-
est in terms of the chemistry involved.21 Although the sweetness of
tomatoes is widely thought to result from sugars, volatiles proved
to be essential contributors to sweetness,21 as was the case in the
apocarotenoid geranial, which positively correlated with sweet-
ness. These authors suggested that aroma volatiles contributed to
perceived sweetness independent of sugar concentration. More
recently, other authors22 reported that the fruit flavour of different
tomato genotypes grown in Florida correlated with many volatiles
such as acetaldehyde, which also positively correlated with per-
ceptions of sweetness and sourness. They concluded that tomato
flavour quality is based on a balanced volatile profile with mod-
erate acid levels and relatively high levels of sugars.22 Recently,
results from whole-genome sequencing of an extensive tomato
germplasm, including 398 modern, heirloom and wild accessions,
identified candidate loci capable of altering chemicals involved in
flavour, which also contribute to consumer liking.5 In summary, the
chemical definition of the characteristic tomato taste and flavour
is highly variable, depending on the combination of sugars, acids
and volatile compounds of tomato fruit from different geographi-
cal origins.
The primary goal of this work is to determine the fruit chemical
composition of Andean and commercial tomato varieties and
establish associations with their organoleptic properties.
MATERIALS AND METHODS
Plant material
Nine tomato cultivars – accessions numbers or names 552, 557,
569, 571, 572, 3806, 4750, M82 and Garden Peach (GPEA) – were
obtained from the Horticulture Germplasm Bank of La Consulta
Agricultural Experimental Station of the National Institute of Agri-
cultural Technology (INTA), Mendoza, Argentina (Table S1). Among
them, five tomato accessions (#552, #557, #569, #571, #572) were
recovered from Andean regions of northwestern Argentina, one
accession cultivated in Mendoza (#3806), one breeding advance
line (accession #4750), and two commercial varieties (M82 and
GPEA). Field crop evaluation was done at the Horticultural Institute
of National University of Mendoza, Argentina (S 33∘0.3’; W 68∘52.2’;
912 m above sea level) during 2009. Seedlings were grown, until
four true leaves were observed, in 150 mL pots and transplanted
spaced 30 cm in a row and at a distance of 100 cm from row to row.
A randomized parcel design with three repetitions of six plants
was used, and a total of 18 plants per accession were grown. Fruits
from all accessions were harvested at mature red stage (firm fruit)
on a sunny day between 10:00 a.m. and 16:00 p.m. on 10 March
2009. The fruit-ripening stage of GPEA was determined by epicarp
colour change from green to pale yellow and by pressing it gen-
tly. For each accession, six different fruits were harvested from six
plants. Mesocarp tissue of the harvested fruits was obtained by
removing the epicarp, locule tissues, and seeds, and was immedi-
ately frozen in liquid nitrogen and stored at –80 ∘C until analysis of
the primary metabolite composition by proton nuclear magnetic
spectroscopy (1H-NMR). Fully ripe fruit was used for the solid phase
micro-extraction (SPME) and gas chromatography mass spectrom-
etry (GC–MS) analyses. Three biological replicates (three fruits of
different plants) were used for the chemical analyses. Frozen sam-
ples were ground with liquid nitrogen using a mortar and pestle
until a homogeneous and fine powder was obtained, which was
processed as described below. Data regarding sensory attributes
and quantification of soluble metabolites and volatile compounds
(VOCs) were integrated to find statistically significant correlations.
Sensory analyses
Organoleptic trials were performed by tasting panels composed of
14 semi-trained volunteers. They were women and men ranging
from 20 to 50 years old, including smokers and non-smokers. Each
panellist evaluated four tomato varieties in a sensory evaluation
session. Fully ripe fruits were harvested early in the morning and
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prepared for tasting panels. Tomato fruit was cut into segments
and seeds were removed. The sensory panel experiment was run
using an approach that was similar to the quantitative descriptive
analysis methodology23 but following a more extensive training
stage. Fruit attributes were: characteristic tomato taste and aroma,
sweetness and sourness. Each descriptor was evaluated at five lev-
els: 1) characteristic taste: uncharacteristic, slightly characteristic,
mildly characteristic, moderately characteristic or characteristic; 2)
sweetness: not sweet, slightly sweet, mildly sweet, sweet or very
sweet; 3) sourness: very acidic, acidic, mildly acidic, slightly acidic
or no acidic; and 4) aroma: very indefinite, slightly indefinite, mildly
indefinite, moderately defined. or defined tomato aroma. Tomato
fruits were presented to the panellists according to a Williams Latin
square design.24 The frequency of the evaluation obtained for the
level of each descriptor in the whole taste panel (i.e., 0.5 means that
50% of the panellists evaluated a given descriptor level) was rep-
resented by radial graphics using Microsoft Excel 2010 software.
Radial or spider graphs are a useful tool to compare and contrast,
visually, fruit flavour attributes of different tomato accessions.
1H-NMR spectroscopy
Metabolic profiles were performed using 1H-NMR spectroscopy
following procedures developed earlier.25 Fruit powder (1 g,
obtained as described above) from each sample was rapidly
dissolved in 0.3 mL of cold 1 mol L–1 sodium phosphate buffer
(pH 7.4) prepared in D2O (deuterated water) to obtain a mixture
containing about 30% by weight of D2O. The mixture was cen-
trifuged at 13 500 rpm for 15 min at 4 ∘C and the supernatant
filtered to remove any insoluble material. Internal standard [TSP:
3-(trimethylsilyl) propionic-2,2,3,3-d4 acid] (1 mmol L–1) was
added to the resulting transparent soluble fraction, and the solu-
tion was subjected to spectral analysis at 600.13 MHz on a Bruker
Avance II spectrometer. Proton spectra were acquired at 298 K
by adding 512 transients of 32 K data points with a relaxation
delay of 5 s. A 1D-NOESY pulse sequence was utilized to remove
the water signal. The 90∘ flip angle pulse was always ∼10𝜇s.
Proton spectra were referenced to the TSP signal (𝛿 = 0 ppm),
and their intensities were scaled to that of TSP. Spectral assign-
ment and identification of specific metabolites was established
by fitting the reference 1H-NMR spectra of several compounds
using the software Mixtures (Abriata LA, Rosario, Argentina),
developed ad hoc as an alternative to commercial programs.26
Further confirmation of the assignments for some metabolites was
obtained by acquisition of new spectra after addition of authentic
standards.
SPME GC–MS
Tomato VOC profiles by GC–MS and the identification proce-
dure were the same as previously described.27 Briefly, tomato
fruit powder (1.0 g obtained as described above) was placed in a
polypropylene tube (15 mL) and immersed in a water bath at 35 ∘C
for 10 min. Next, 15𝜇L of 2-methylcyclohexanone (internal stan-
dard dissolved in methanol at a concentration of 23 mg L−1) was
added to the samples in addition to a 1 mL ethylenediaminete-
traacetic acid/sodium hydroxide (EDTA/NaOH) solution and CaCl2
(2.2 g). An EDTA/NaOH aqueous solution was prepared by adjust-
ing 100 mM EDTA to pH 7.5 with NaOH. Samples were sonicated for
15 min. Then, a 1 mL processed sample was transferred to a 10 mL
screw-capped (magnetic cap) vial, fitted with a silicone septum.
The vial was introduced in a Combi Pal (Varian Inc., Walnut Creek,
CA, USA) autosampler and conditioned for 10 min at 50 ∘C with
Figure 1. Sensory analysis of red ripe tomato fruits of accessions from
Argentine Andean valleys. Evaluation of accessions #3806, #552, #557,
#569, #571, #572, #4750, cultivar M82 and GPEA for the attributes charac-
teristic taste, defined aroma, sweet, and acidic taste. The radial graphics
represent the frequency obtained for each descriptor in the whole taste
panel (i.e. 0.5 means that 50% of the panellists evaluated a given descriptor
level).
500 rpm shaking speed. After that, VOCs arising from the sample
headspace were extracted using a SPME fibre assembly divinylben-
zene/carboxen/polydimethylsiloxane (50/30 𝜇m, 1 cm long from
Supelco Ltd., Bellefonte, PA, USA) for 35 min at 50 ∘C and with a
250 rpm shaking speed. Absorbed VOCs were immediately des-
orbed at 250 ∘C in the injection port of the GC during 1 min.
Volatiles were semi-quantified by calculating the peak area of each
VOCs relative to peak area of the internal standard,28 and assum-
ing all of the response factors were 1. Compound identification was
based on comparison with NIST 98 mass spectral library and reten-
tion times of authentic standards.
Statistical analyses
Statistical analyses were performed using Microsoft Excel 2010. If
two observations are described as different, this means that their
difference was determined to be statistically significant (P < 0.05)
using Student’s t-tests. Principal components analysis (PCA) and
Pearson correlation coefficients were made and calculated using
InfoStat statistical software (UNC, Córdoba, Argentina).29 The score
and loading graphs generated by the InfoStat software are super-
imposed in the PCA. Pearson correlation coefficients were calcu-
lated to determine relationships between sensory attributes and
metabolites, using the embedded CORREL function in Microsoft
Excel 2010. Hierarchical clustering was prepared using Multiple
Array Viewer (MeV) software (CCCB, Boston, USA).30 False colour
imaging was performed on the log2-transformed data. The statisti-
cal significance of differences for primary metabolite and VOC con-
tents was evaluated using one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test with the aid of the
InfoStat 2008 for Windows,29 and for non-parametric tests, the
Wilcoxon pairwise rank-sum test was used.
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Figure 2. Biplot of the metabolic profile of ripe red fruits of the tomato accessions #552, #557, #569, #571, #572, #3806, #4750, cultivar M82, and GPEA.
Graph was obtained by superimposing score plot (tomato varieties) and loading plot (metabolite content) obtained by the software InfoStat and shows
the data variability profile. Tomato accessions are indicated in red, VOCs in black, sugars in green, organic acids in blue, free amino acids in pink and other
metabolites in orange.
Heat map
A heat map of correlation analysis was prepared using MeV
software. Red and blue regions indicated negative or posi-




The results of fruit organoleptic evaluation are shown in Fig. 1.
Among Andean landraces, accession #572 was qualified the best
for characteristic taste (0.71) while accessions #571, #569, #557,
#552 and #3806 also obtained good scores (between 0.45 and
0.55). Commercial varieties M82 (control) and GPEA have lower
scores for taste, and accession #4750 was considered to have
moderately characteristic taste (Fig. S1). Regarding defined aroma,
accession #3806 was evaluated as the most defined, whereas M82
(control) and GPEA had the lowest scores (Fig. 1). Concerning other
qualities, the panel evaluated accessions #572 and #557 as the
sweetest (Fig. 1), followed by accessions #569, #3806, #552, #571,
and accession #4750; GPEA and M82 were consider slightly or
not sweet (Fig. S1). In the evaluation of sourness, accession #572
was regarded as not acidic whereas accession #4750 and GPEA
were considered to have an acidic taste (Fig. 1), and all the oth-
ers were qualified as slightly to mildly acidic (Fig. S1). These data
were subjected to PCA, and the two main components explained
56.6% of the variability in the organoleptic qualities (Fig. S2).
PC1 was mainly loaded by a characteristic tomato taste and a
defined tomato aroma whereas PC2 had an indefinite aroma and
non-characteristic taste. The traditional landraces – #552, #557,
#569, #572, and #3806 – were clearly separated from #571, #4750,
GPEA and M82 (Fig. S2). Based on these results, it may be con-
cluded that Andean tomato landraces were grouped based on
better taste and aroma, with good fruit characteristics in acces-
sion #572, a cherry type, as well as accessions #557, with a large
pear fruit shape, and #569, an oval plum tomato. Accessions
#552 and #3806, with oval to elongated fruits, were also evalu-
ated as intermediate, while accession #571 was considered the
most unfavourable for fruit sensorial characteristics. The other vari-
eties – accession #4750, GPEA, and M82 – have low fruit sensorial
qualities, the latter being evaluated as poor in taste and aroma.
Metabolic profiling of mature tomato fruits
The fruit primary metabolites and VOC contents of nine tomato
varieties were evaluated by applying two standardized methods
(1H-NMR and SPME GC–MS) to associate chemical composition
with taste quality. A total of 26 primary metabolites of known struc-
ture were quantified in ripe fruits corresponding mainly to soluble
sugars, organic acids, and amino acids (Table 1). When comparing
the metabolite contents of the selected varieties with the contents
in the cultivar M82, it is clear that quantitative changes in sugar
(D-fructose, D-glucose, and D-galactose) and organic acids (cit-
rate, pyruvate, and trans-cynnamate) are prevalent among all the
varieties. With the exception of L-Asn, L-Asp and L-Glu, the amino
acid composition is similar in all the varieties. The heat map of
the metabolite profiles of the tomato varieties (Fig. S3) indicates
contrasting composition of soluble metabolites in the two com-
mercial varieties (M82 and GPEA) and accession #571. The solu-
ble metabolites in the tastier tomato accessions #557, #3806, and
#572 showed a different composition from those in the commer-
cial varieties, whereas #552 and #569 had metabolic profiles that
showed more similarities to commercial varieties than with the
other Andean tomato accessions.
Fruit of the five Andean varieties showed higher significantly dif-
ferent VOCs in comparison with the other tested varieties (ANOVA,
P < 0.05), and two of the Andean varieties (accessions #569 and
#571) exhibited the highest differences of VOCs (Table S2). Two of
them, trans-2-heptenal and methyl salicylate, also showed signif-
icantly different values in fruit of most varieties when compared
to M82 fruit. It is important to highlight that in accession #571,
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Table 1. Soluble metabolites composition of tomato fruits from different accessions. Primary metabolite content (𝜇mol g FW−1) was
determined by 1H -NMR in red tomato fruit
Metabolite M82 4750 3806 GPEA 552 557 569 571 572
D-fructose 81.02 ± 8.20a 174.41 ± 16.75a,b 213.15 ± 15.56b 185.77 ± 7.89a,b 250.95 ± 15.31b 207.44 ± 8.69b 213.99 ± 14.75b 260.54 ± 30.87b 258.74 ± 50.82b
D-glucose 88.08 ± 9.01a 215.11 ± 14.42a,b 267.28 ± 28.34b,c 233.14 ± 5.90a,b,c 281.93 ± 29.92b,c 281.38 ± 24.65b,c 269.71 ± 14.35b,c 281.10 ± 24.72b,c 294.86 ± 34.10c
D-galactose 4.86 ± 0.97a 22.54 ± 1.28b,c 20.74 ± 6.86a,b,c 19.30 ± 5.35a,b,c ND 13.52 ± 5.40a,b 22.48 ± 4.19b,c 35.27 ± 12.23c 19.51 ± 2.63a,b,c
D-xylose 5.17 ± 1.62a 16.86 ± 2.63a,b 6.27 ± 3.95a 14.71 ± 4.23a,b ND 7.82 ± 1.81a 9.73 ± 0.29a 23.93 ± 10.25b 16.85 ± 2.66a,b
sucrose 0.42 ± 0.24a 4.58 ± 2.21a,b 0.56 ± 0.15a,b 0.92 ± 0.42a,b 13.36 ± 7.36b 7.70 ± 1.99a,b 3.71 ± 1.66a,b 1.03 ± 0.21a,b 4.55 ± 2.51a,b
GABA 2.93 ± 0.89a,b,c 19.53 ± 0.94e 8.67 ± 1.54c,d,e 3.67 ± 0.44a,b,c,d 1.33 ± 0.54a 10.65 ± 1.63c,d,e 1.99 ± 0.78a,b 14.79 ± 4.49d,e 4.71 ± 0.59b,c,d
L-Ala 1.83 ± 0.30a 3.77 ± 0.14a 4.72 ± 2.05a 1.99 ± 0.52a 1.99 ± 0.16a 3.03 ± 1.08a 2.86 ± 0.49a 3.73 ± 1.49a 1.52 ± 0.15a
L-Asn 2.67 ± 0.52a,b,c 2.47 ± 0.11a,b,c 4.37 ± 0.74b,c 1.82 ± 0.22a,b 1.93 ± 0.31a,b 3.90 ± 1.03a,b,c 1.62 ± 0.34a 6.47 ± 2.00c 3.24 ± 0.42a,b,c
L-Asp 5.86 ± 0.85a 4.94 ± 0.23a 8.04 ± 1.09a,b 4.52 ± 0.03a 8.74 ± 1.41a,b 5.50 ± 0.57a 5.48 ± 1.73a 14.90 ± 1.72b 7.96 ± 0.80a,b
L-Glu 5.53 ± 1.10a,b 10.23 ± 0.21a,b,c 11.27 ± 1.27b,c,d 11.71 ± 0.70b,c,d 7.86 ± 0.68a,b,c 10.69 ± 1.69a,b,c,d 5.28 ± 1.85a 23.91 ± 3.76d 16.71 ± 1.54c,d
L-Gln 3.86 ± 1.12a 3.20 ± 0.21a 6.96 ± 1.58a 6.40 ± 1.03a 5.00 ± 0.78a 8.02 ± 1.53a 5.31 ± 2.25a 11.35 ± 3.74a 8.00 ± 1.96a
L-Ile 0.11 ± 0.03a,b 0.53 ± 0.03d,e 0.60 ± 0.05e 0.17 ± 0.03a,b,c 0.08 ± 0.02a 0.45 ± 0.12c,d,e 0.20 ± 0.04a,b,c,d 0.44 ± 0.14c,d,e 0.21 ± 0.01b,c,d,e
L-Phe 0.75 ± 0.15a,b 1.52 ± 0.00b,c 1.78 ± 0.13c 0.51 ± 0.02a 0.48 ± 0.09a 1.40 ± 0.12b,c 0.47 ± 0.10a 1.90 ± 0.40c 0.91 ± 0.08a,b
L-Thr 0.64 ± 0.14b,c,d 1.02 ± 0.10c,d,e 1.07 ± 0.21c,d,e 0.11 ± 0.02a 0.41 ± 0.02b,c 1.71 ± 0.29d,e 0.52 ± 0.16b,c 2.42 ± 0.70e 0.35 ± 0.01b
L-Trp 0.15 ± 0.02a,b 0.38 ± 0.03c 0.27 ± 0.01b,c 0.13 ± 0.00a 0.19 ± 0.03a,b 0.26 ± 0.05a,b,c 0.18 ± 0.02a,b 0.50 ± 0.10c 0.25 ± 0.03a,b,c
L-Val 0.14 ± 0.01a,b 0.51 ± 0.06d 0.27 ± 0.07b,c,d 0.10 ± 0.02a,b 0.09 ± 0.02a 0.20 ± 0.06a,b,c 0.13 ± 0.02a,b 0.50 ± 0.08c,d 0.19 ± 0.02a,b,c,d
ethanol 1.31 ± 0.06 a 3.58 ± 0.58c,d 1.97 ± 0.02a,b 1.07 ± 0.14a 2.33 ± 0.19 a,b,c,d 2.29 ± 0.24a,b,c 2.93 ± 0.57b,c,d 3.88 ± 0.32d 1.62 ± 0.22a,b
methanol 3.93 ± 0.29a 9.24 ± 0.47b,c 9.35 ± 0.29b,c 8.14 ± 0.28a,b,c 8.17 ± 0.20a,b,c 9.93 ± 0.87b,c 6.62 ± 1.41a,b 13.28 ± 1.76c 9.37 ± 1.83b,c
citrate 13.80 ± 1.52a 55.39 ± 2.83b 31.19 ± 1.99a,b 39.19 ± 4.74a,b 28.20 ± 4-48a,b 31.89 ± 8.48a,b 23.57 ± 2.76a,b 45.31 ± 15.65a,b 29.83 ± 2.94a,b
malate 5.20 ± 0.15a 5.31 ± 0.46a 4.33 ± 1.58a 4.52 ± 1.46a 7.06 ± 1.41a 2.42 ± 0.56a 5.27 ± 1.51a 6.30 ± 0.65a 5.54 ± 1.45a
2-oxoglutarate 4.35 ± 1.18a 4.75 ± 0.42a,b 8.63 ± 1.89a,b 5.62 ± 0.64a,b 3.68 ± 0.45a 6.97 ± 1.23a,b 3.13 ± 0.89a 16.04 ± 4.82b 6.68 ± 1.81a,b
succinate 0.80 ± 0.27a,b 1.58 ± 0.02b,c 1.75 ± 0.19b,c 1.06 ± 0.24a,b 0.54 ± 0.08a 1.29 ± 0.05a,b,c 0.52 ± 0.15a 3.21 ± 0.76c 1.04 ± 0.23a,b
trigonelline 0.67 ± 0.17a 2.20 ± 0.73a 1.08 ± 0.24a 1.97 ± 0.16a 1.82 ± 0.60a 1.54 ± 0.51a 0.71 ± 0.31a 2.45 ± 0.92a 2.75 ± 0.37a
pyruvate 2.17 ± 0.20a 5.40 ± 0.47d,e 2.94 ± 0.56a,b,c,d 4.87 ± 0.46c,d,e 2.33 ± 0.39a,b 2.00 ± 0.26a 2.62 ± 0.50a,b,c 7.72 ± 1.02e 4.71 ± 0.84b,c,d,e
trans-cynnamate 0.30 ± 0.05a 0.94 ± 0.07b 1.34 ± 0.19b,c 1.57 ± 0.09b,c 0.81 ± 0.16b 1.20 ± 0.04b,c 0.30 ± 0.05a 2.97 ± 0.96c 1.09 ± 0.15b,c
benzoate 0.84 ± 0.08a,b 0.69 ± 0.05a,b 0.77 ± 0.09a,b 0.53 ± 0.07a 1.08 ± 0.07b,c 0.79 ± 0.09a,b 1.01 ± 0.08b,c 1.41 ± 0.14c 1.98 ± 0.19b,c
Each value represents the average of three independent biological replicates. The values followed by different letter superscripts within each row indicate that they were
significantly different at a probability level of 0.05 according to ANOVA tests. FW, fresh weight; ND, not detected.
most VOCs were significantly reduced when compared to the cul-
tivar M82. Accession #572 showed the significantly highest value
of 𝛼-pinene among varieties, and compared to the cultivar M82
was ∼280 times higher, whereas GPEA showed UNK m/z 161 ∼120
times higher than the cultivar M82. All these data were subjected
to PCA (Fig. 2). The two PCA components (PC1 and PC2) explained
52.4% of total variability in the chemical composition reflected
by soluble metabolites and VOCs. The PC1 mostly separates the
soluble metabolites from most of VOCs, so the higher variability
between the metabolic compositions of the different accessions is
explained by these variables. The metabolic composition of acces-
sions #552, #569, #572, #557, #3806, the cultivar M82, and GPEA is
represented mostly by VOCs, while the composition of #571 and
#4750 is better represented by the soluble metabolites. The com-
pounds that were more related to the good fruit flavour of acces-
sions #557, #572, #569 and #3806 were different from those asso-
ciated with the worst fruit flavour of accession #571. Accessions
#557 and #3806 were related to the VOCs 2-ethyl-1-hexanol, ben-
zaldehyde, UNK m/z 120 and trans-2-hexenal, whereas accessions
#572 and #569 were related to 2-octenal, benzylnitrile, octanal,
p-methoxytoluene and duraldehyde and the soluble metabolite
sucrose. On the other hand, the worst flavour accession, #571,
was related to the soluble metabolites L-Trp, L-Thr, L-Val, L-Asn,
L-Glu, 2-oxoglutarate, ethanol, pyruvate, and L-Asp and to de
VOCs: cis,cis-1,4-pentadiene, UNK m/z 57-3 and hexanal. Interest-
ingly, there are six VOCs that negatively correlated with the fruit of
accession #571, which was qualified as the worst variety in rela-
tion to characteristic aroma and taste, but positively correlated
with the best-tasting fruit of accessions #569 and #572 (Table S2).
These VOCs are 2,5-diterbutylbenzoquinone, 𝛽-ionone epoxide,
propyl salicylate, isoamyl salicylate, 3-methylheptylacetate, and
UNK m/z 57-2. Another VOC, 𝛼-citral, significantly and negatively
correlated with #571, but positively correlated with #569. Propyl
salicylate, isoamyl salicylate, and 3-methylheptylacetate are novel
VOCs, recently identified in tomato samples.27
Integration of sensory and chemical data
As the number of chemicals potentially influencing the taste
and aroma of tomato seems to be large, we performed a
multivariate analysis of the data to find statistically signifi-
cant correlations among the traits. The variables integrated
(146) from the fruits of the nine tomato varieties were VOCs
(100), soluble metabolites (26), and sensory parameters (20).
Positive (1039) and negative (269) significant (P < 0.05) cor-
relations were detected (Fig. S4, Table S3). The highest and
significant Pearson correlation coefficients (0.99) were found
among VOCs (i.e., terpinolene and linalool; the unknown com-
pound UNK m/z 57-3 and cis,cis-1,4-pentadione; isoterpinolene
and eugenol). Volatile organic compounds highly and signif-
icantly correlated with other volatiles (i.e., 3-methylbutanal,
2-nonen-1-ol, or the unknown compound UNK m/z 119).
Regarding soluble metabolites, GABA, L-Thr, L-Val, and succinate
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Table 2. List of compounds that significantly correlated to tomato
defined aroma and sourness. The values are correlation coefficients
(considering values higher than 0.70) between the listed VOC and the
sensory attribute ‘defined aroma’ and ‘very acidic’ taste. They were
extracted from Table S3
VOC name
Correlation coefficient
of defined aroma / very acidic taste P
𝛼-terpineol 0.76 / 0.92 0.017 / 0.003
DMHEX 0.76 / 0.91 0.017 / 0.004
p-menth-1-en-9-al 0.74 / 0.92 0.023 / 0.003
linalool 0.73 / 0.86 0.026 / 0.013
showed the greatest number of significant correlations (Fig. S4,
Table S3).
Defined aroma and very acidic attributes significantly correlated
with several VOCs (Table S3). Those that showed correlation coef-
ficients higher than 0.70 were extracted from Table S3 and are
shown in Table 2. Their characteristic taste showed no significant
correlation with the compounds analysed. Nevertheless, sweet-
ness and no acidic taste correlated with characteristic taste, which
correlated with D-fructose and D-glucose, to a lower extent with
benzaldehyde, and with 2-methyl-2-octen-4-one. It is worthwhile
mentioning that 2-methyl-2-octen-4-one and DMHEX (Table 2) are
VOCs recently identified in tomato.27 Very sweet taste significantly
and negatively correlated with only one VOC – methyl butanoato
(Table S3),
DISCUSSION
During tomato domestication and further breeding processes,
several traits have been improved such as yield, pest resistance,
fruit size, and physical appearance. Nowadays, consumers demand
fruit with better qualities, and modern breeders need to design
strategies to improve the organoleptic properties while high yield
is maintained.31 However, breeding for sensory quality is not an
easy task;32 experiences of sensations perceived by humans are
difficult to quantify. A combination of many chemical compounds,
more than their specific concentration, may contribute to give the
characteristic flavour of the tomato fruit.21,22
The tomato landraces evaluated in this study are well adapted
to the high-altitude environments of the Andean valleys of north-
western Argentina (Table S1). This study reveals the nature of
the chemicals related to the characteristic flavour and aroma of
good-tasting tomato fruit from landraces selected over time by
small farmers of Andean valleys.14 Furthermore, the Andean farm-
ers typically keep their own seeds and cultivated varieties. Selec-
tion was made for culinary purposes based on fruit quality, taste,
and aroma, ensuring that the improved flavour was maintained.
The results demonstrate that Andean tomatoes are of great impor-
tance for the study of the phenotypic and genetic diversity in tra-
ditional or ‘criollo’ varieties, for germplasm conservation, and for
their use in genetic improvement.15 Important traits associated
with fruits’ nutritional qualities and organoleptic properties are
present in these accessions, which constitute interesting genetic
resources to be incorporated in breeding programmes. Some of
the landraces adapted to the high altitudes also preserved a good
fruit flavour (Fig. 1, Fig. S1 and S2). The best tasting fruit belonged
to the accessions #569, #572 and #557, followed by #552 and
#3806. In parallel, the soluble metabolites and the VOC compo-
sition of the red fruit were determined by metabolomic studies
(Tables 1 and S2). The integration of all the data from sensory pan-
els and metabolomics allowed each organoleptic property (sweet,
sour, characteristic taste and aroma to tomato fruit) to be corre-
lated with the chemical composition (Table S3 and Fig. S4). Methyl
butanoate was the only VOC that significantly and negatively cor-
related with sweetness. This compound is a short-chain ester and
one of the primary compounds in the fresh fruit of the goose-
berry, which confers a green-fruity odour.33 One significant finding
is that novel VOCs recently described in tomato fruit for the first
time27 (such as propyl salicylate, 𝛼-hexylcinnamaldehyde and ben-
zophenone, among others) correlated with a specific organoleptic
property, and most of them significantly and positively correlated
with sweetness (Table S3). However, there is no overlapping pat-
tern between VOCs that significantly correlated with sweet taste
and VOCs correlating with sour taste (Table S3 and Fig. S4). The
term ‘flavour’ denotes the combination of taste and retronasal
olfaction, which is the perception of odorants in the mouth.34 The
sense of sweet and sour, two fundamental perceptions in mam-
malians, are mediated by taste receptor cells.35 Attractive flavour
and sweet are sensed by heterodimeric G protein-coupled recep-
tors, while sensing of the other two essential tastes, sour and salt,
are mediated by ion channel receptors. More recently, a potas-
sium channel was found to be a critical component in sour taste
transduction.36 The difference in taste-sensing mechanisms could
explain why soluble metabolites and VOCs did not overlap in
the production of sweet and sour tastes. In our study, four VOCs
(𝛼-terpineol, p-menth-1-en-9-al, DMHE, and linalool) overlapped
with the perception of defined tomato aroma and very acidic
attribute (Table 2). From a total of 13 flavour-associated VOCs that
were significantly reduced in modern varieties,5 we found that the
good-tasting accession #569 showed a significantly higher con-
tent of trans-trans-2,4-decadienal and a significant lower content
of phenylacetaldehyde when compared to cultivar M82. Moreover,
trans-trans-2,4,-decadienal was found to be significantly increased
in accessions #3806, #552 and #572, and trans-2-heptenal was sig-
nificantly decreased in three Andean accessions (#557, #569 and
#572) when compared to cultivar M82. This analysis suggests that
it is not necessarily the amount of VOCs that is important in flavour
definition but the combination of VOCs.
The soluble metabolites and VOCs detected in this work are
valuable for future studies of new metabolic pathways affecting
tomato fruit taste. As genetic diversity is fundamental for improv-
ing tomato fruit quality, Andean landraces could be used to intro-
duce new traits. The results of this study revealed a promising
breeding perspective because the incorporation of Andean acces-
sions could reinforce genetic variability, and the combination of
valuable new compounds could contribute to improve the fruit
quality and taste of cultivated tomatoes. The lack of correlation
between the levels of specific VOCs and the levels of their precur-
sor metabolites indicated that the rate of volatile production is not
governed by precursor supply but rather at the transcriptional or
post-transcriptional level, which is in agreement with other work
in this area.18,37
Natural environmental adaptation, domestication, and indepen-
dent artificial selection events would have generated different
genetic constitutions, confirming that traditional agricultural habi-
tats are important reservoirs of genetic diversity.
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